In Bacillus subtilis, tryptophan biosynthesis is regulated by a mechanism called attenuation. The new crystal structure of the 'trp RNA binding attenuation protein', TRAP, in complex with RNA has provided new structural insights into how proteins can bind RNA to regulate transcription and translation. One general difference between the genomic organization of eukaryotes and bacteria is that, in the latter, genes with related functions are often found to be organized into operons. This is true of the genes coding for enzymes concerned with the biosynthesis of a particular amino acid. Multiple genes are transcribed from a single promoter into a single, polycistronic messenger RNA (mRNA). In this way, the synthesis of enzymes that form a biochemical production line can be efficiently coregulated. In Escherichia coli, for example, tryptophan biosynthesis is negatively regulated at the transcriptional level by the final product, tryptophan: when tryptophan is produced in excess, the Trp repressor binds to the operator sequence near the promoter and prevents the initiation of transcription.
One general difference between the genomic organization of eukaryotes and bacteria is that, in the latter, genes with related functions are often found to be organized into operons. This is true of the genes coding for enzymes concerned with the biosynthesis of a particular amino acid. Multiple genes are transcribed from a single promoter into a single, polycistronic messenger RNA (mRNA). In this way, the synthesis of enzymes that form a biochemical production line can be efficiently coregulated. In Escherichia coli, for example, tryptophan biosynthesis is negatively regulated at the transcriptional level by the final product, tryptophan: when tryptophan is produced in excess, the Trp repressor binds to the operator sequence near the promoter and prevents the initiation of transcription.
The crystal structure of the Trp repressor-operator DNA complex, solved more than ten years ago [1] , revealed how the repressor protein binds the operator sequence DNA in the presence of tryptophan. In Bacillus subtilis, production of the mRNA coding for the enzymes of tryptophan biosynthesis is regulated at the other end of the transcription process, by a mechanism known as attenuation. The structure of the key protein responsible for this regulation -'trp RNA binding attenuation protein' or TRAP for short -has recently been solved in a complex with its target RNA [2] , providing new insights into the specific mechanism and, more generally, into the ways in which proteins can bind RNA.
Attenuation is also used by E. coli as an additional way of regulating expression of the trp operon. The 5′ leader sequence of the polycistronic mRNA contains a short open reading frame coding for two consecutive tryptophans. In the presence of large amounts of tryptophan, the ribosome reads through this leader sequence, allowing the nascent mRNA to form an RNA hairpin followed by a stretch of poly(U). This secondary structure constitutes a downstream, ρ-independent terminator sequence. The RNA polymerase falls off the gene in response to this terminator sequence, and transcription ceases. But when tryptophan is scarce, so that the intracellular level of charged tRNA Trp is low, the ribosome pauses at the Trp codons within the short open reading frame; this prevents the nascent mRNA from forming the terminator hairpin structure, so that RNA polymerase can read through the terminator and complete transcription of the message [3] .
In B. subtilis, attenuation is achieved in a different way. In the presence of excess tryptophan, TRAP binds the 5′ end of a nascent mRNA transcript, allowing the mRNA to form a hairpin at the downstream transcription terminator so that RNA polymerase dissociates from the template DNA ( Figure 1 ). When tryptophan is scarce, TRAP does not bind the 5′ end of a nascent mRNA transcript, so that it folds into an alternative secondary structure allowing RNA polymerase to read through. The binding site for TRAP contains 11 copies of either GAG or UAG triplets, separated by two or three intervening nucleotides.
A few years ago, Antson et al. [4] solved the structure of TRAP in complex with tryptophan. A TRAP monomer consisting of 75 amino acids forms two anti-parallel β-sheets, one with three strands and one with four strands, which are packed against each other. The threestranded and four-stranded β sheets from adjacent subunits form a continuous seven-stranded β sheet, arranged like blades of a turbine. Eleven TRAP monomers assemble into a doughnut-shaped ring through this interaction. A tryptophan molecule is buried between two adjacent turbine blades near the central hole, and binding of tryptophan increases the affinity of TRAP for its target RNA. In the presence of tryptophan, each monomer of TRAP in the ring was believed to bind one of the repeated RNA sequences. The RNA-binding region of the protein was not obvious from the crystal structure alone, but structure-based site-directed mutagenesis experiments identified amino-acid residues on TRAP that are important for RNA binding.
In addition to its role as an attenuator protein, TRAP also functions as a translational repressor. In B. subtilis the trpG gene encodes the enzyme amphibolic glutamine aminotransferase, which synthesizes anthramilate, an intermediate of tryptophan biosynthesis. This gene is an orphan that is not included in the trp operon, but fostered in a folic acid biosynthetic operon. The ribosomebinding site of trpG mRNA contains GAG or UAG repeats, and TRAP binds to this site in the presence of abundant tryptophan, preventing translation. In this way, trpG is subjected to the same metabolic control as the trp operon, even though it is not a part of that operon.
Antson et al. [2] have now solved the crystal structure of TRAP in complex with a 53 nucleotide RNA molecule, containing ten copies of the GAG trinucleotide, each separated by an AU dinucleotide. In each asymmetric unit of the crystal, two TRAP rings stack head to tail, only one of which is bound by the RNA. The ring with no bound RNA was seen to provide many of the crystal contacts, leaving the RNA-bound ring little affected by interactions specific to the crystal. The group was able to obtain crystals of the complex only when half the stoichiometric amount of RNA was added to the protein. The structure shows that the RNA wraps around the perimeter of the TRAP ring like a bicycle chain around a gear (Figure 2 ).
The new crystal structure [2] has provided eleven independent observations of the interaction between each TRAP subunit and a single copy of the GAGAU repeat. The adenine and guanine bases at the second and third positions of the GAG triplet, and the sidechain of TRAP residue phenylalanine 32 show continuous stacking. These bases, and some amino-acid sidechains, are involved in an intricate network of hydrogen bonds. In the case of the first guanine base, only its exocyclic amino group is hydrogen bonded to a TRAP residue (aspartate) sidechain. This observation is consistent with the relatively small effect of the first G of the GAG trinucleotide on the RNA-binding energy. The uridine base at the fifth position stacks against the adenine base at the fourth position, the face of which is in turn packed against the edge of the phenylalanine 32 sidechain. These bases show no hydrogen-bonding interactions with the protein, explaining why the spacer nucleotides are variable.
The RNA-protein interactions observed in the TRAP-RNA complex [2] have many features in common with those observed in the structure of splicing protein U1A in a complex with a hairpin RNA [5] . In both structures, protein-RNA contacts are made almost exclusively by RNA bases, rather than by the RNA backbone atoms. In both cases, two RNA bases show continuous stacking with an aromatic sidechain of the bound protein. At the RNA-protein interface, most potential hydrogen-bond donors and acceptors are used and involved in a network of direct and water-mediated hydrogen bonds. In both R20 Current Biology Vol 10 No 1
Figure 2
The eleven-member TRAP ring in complex with a synthetic RNA containing eleven GAG trinucleotides, each separated by an AU dinucleotide [4] .
Figure 1
Regulation of trp gene expression by transcriptional attenuation in B. subtilis. The 5′ leader sequence of the trp operon mRNA contains eleven copies of UAG or GAG triplets, separated by dinucleotide or trinucleotide intervening sequences. When the intracellular tryptophan concentration is high, TRAP binds to the 5′ leader sequence, and the C and D sequences pair to form a transcriptional terminator hairpin, so that the following trpEDCFBA genes are not transcribed. At low intracellular tryptophan concentrations, TRAP is unable to bind to the 5′ leader sequence, so that the A and B sequences pair and prevent the formation of the C-D hairpin structure, thereby allowing complete transcription of the trpEDCFBA genes.
structures, RNA bases are trapped in a groove or crevice on the surface of the protein, and the base identity is directly read by hydrogen-bonding interactions.
The crystal structure of human poly(A)-binding protein (PABP) bound to poly(A) RNA has also been reported recently [6] . The protein fragment used for crystallisation contained the first two of the four RNA-binding domains of PABP, which strongly and specifically bind poly(A) molecules longer than eleven nucleotides. The two RNAbinding domains are arranged in tandem through packing of two adjacent β sheets. This results in the formation of a long, narrow molecular trough, which accommodates single-stranded poly(A) RNA. The structure shows that, as in the TRAP and U1A complexes, the RNA-protein contacts are made predominantly by RNA bases. The binding of poly(A) is stabilized by stacking between adenine bases and protein sidechains, intramolecular base stacking and hydrogen bonding to adenine bases.
Another RNA-protein structure that has been solved recently is that of a fragment of the Drosophila Sex-lethal (Sxl) protein bound to RNA of sequence UGUUUUUUU [7] . In the absence of RNA, the two RNA-binding domains of Sxl do not interact with each other and are connected by a flexible linker. In the complex, extended single-stranded RNA is sandwiched between the β sheets of the two RNA-binding domains, forming a V-shaped cleft. The RNA-protein interface in this complex is unique, in that the backbone phosphates and 2′ OH groups, as well as RNA bases, are involved in protein contacts. Similar interactions have been seen between the anticodon loop of transfer (t)RNA and some aminoacyltRNA synthetases [8] .
The interactions between proteins and bases within flexible RNA molecules that we have described is not the sole mechanism of RNA recognition that evolution has come up with. The ribosomal protein L11, for example, recognizes a fragment of 23S rRNA in a completely different way. The L11 protein recognizes its target RNA by stabilizing the RNA's complex folded structure [9, 10] . RNA can adopt a greater variety of structures than DNA, and the mechanism of specific recognition of RNA by proteins is correspondingly diverse.
